titer virus can be used to sparsely infect cells, but viral Electroporation is now a widespread means of introinfection is subject to the limitations mentioned above. Similarly, gene gun biolistics can deliver multiple genes; however, gene gun biolistics is limited in its application,
Figure 1. Single-Cell Electroporation with pEGFP Targets Gene Delivery to Individual Neurons

Confocal images of a single GFP-labeled neuron in the tadpole optic tectum (A) and CA1 (B) and CA3 (C) regions of rat hippocampal slice cultures. Arrows point to axons in each cell. Higher magnification of the CA1 pyramidal cell from (B) demonstrates that GFP expressed following electroporation completely fills dendritic spines ([D], open arrowheads) and axonal varicosities ([E], closed arrowhead). Scale bars ϭ 10 m in (A) and (D), 50 m in (B) and (C), and 20 m in (D) and (E). microinjection requires that DNA be delivered into the
In the tadpole, both neurons and glia were readily transfected, including both newly differentiated and mature cell nucleus and, therefore, is only applicable to cultured cells in which a micropipette can be visualized as it cells. In the rat hippocampal slice, both pyramidal cells and interneurons were transfected in CA1 and CA3 repenetrates the nucleus.
While electroporation is a promising transfection techgions. Following transfection of neurons with pEGFP, bright GFP fluorescence could be detected within 12 hr. nique, precise targeting is not feasible using traditional, large electrodes. One of the powerful attributes of elecIn hippocampal pyramidal cells, GFP completely filled all processes, including dendritic spines and fine axons troporation, however, is the ability to localize transfection by controlling exposure to either DNA or the electric ( Figures 1D and 1E ). GFP fluorescence increased over 2-3 days, even with repeated imaging (see Figure 3A ), field. We have utilized this feature to develop a novel micropipette electroporation technique to target transand remained high for more than 2 weeks. Optimal micropipettes for electroporation of individfection to a single cell within the brain of intact anesthetized animals or in brain slices. Due to its versatility, this ual cells in the Xenopus tadpole brain and rat hippocampal slice had a tip diameter of 0.6-1 m and resistances single method can be used to deliver genes, antisense oligonucleotides, fluorescent dyes, drugs, and other of 10-15 M⍀. We found that these small diameter micropipette tips resulted in a high frequency of single-cell macromolecules to a variety of cell types, including neurons and glia in the intact animal. Application of this transfections (and a low incidence of transfecting neighboring cells), while clusters of cells were transfected technique allows unprecedented spatial and temporal control of gene delivery and permits experiments that with larger pipettes. Electrode resistance and the current delivered through the micropipette were monitored cannot be performed with current gene transfer technology.
with an oscilloscope in parallel with the electroporation circuit ( Figure 2A period, up to 6 days following electroporation. In addition, tectable DsRed. In all cases, GFP was brighter than the short-term (2 hr) dendritic arbor branch dynamics and DsRed, and DsRed was never detected without GFP. 24 hr growth rates of neurons following single-cell elecThe relative brightness of DsRed is four times less than troporation were similar to those from DiI-labeled cells. GFP (Matz et al., 1999) . Therefore, it is possible that DsRed is expressed at undetectable levels in these cells.
These similar growth rates and structural plasticity in neurons visualized with DiI or by pEGFP electroporation gle-cell electroporation for gene delivery is specific to each cell type and tissue preparation. Effective stimulademonstrate that electroporation, plasmid DNA delivery, and GFP expression driven by a strong CMV promoter do tion parameters must balance the requirements for temporary pore formation and DNA electrophoresis against not interfere with neuronal function. The ability to restrict electrical stimulation to the cell body at the tip of the the damaging effects of strong electric fields (Ho and Mittal, 1996; Neumann et al., 1998). Cell damage may micropipette prevents the activation of surrounding axons and their terminals, which might lead to altered be caused by excessive electric field strengths, which result in the formation of too many pores or pores too synaptic transmission. A previous study of the electroporation of hippocampal neurons in culture using trains large to reseal. While relatively brief, high-voltage pulses are required to disrupt electrostatic forces maintaining of 1 ms square pulses demonstrated that electroporated neurons maintain normal synaptic transmission and the lipid bilayer structure, longer duration, lower amplitude voltage pulses are required for efficient translocaelectrophysiological properties (Teruel et al., 1999) .
It is likely that optimal stimulation parameters for sintion of DNA across the cell membrane (Neumann et al.,
Figure 4. Single-Cell Electroporation Efficiently Transfers Multiple Plasmids into Individual Cells In Vivo Images in (A)-(D) were collected on a confocal microscope. Image in (E) was collected on a two-photon microscope. Images in (D) and (E) were taken 30 min after electroporation. Scale bars ϭ 20 m. (A-C) Cotransfection of pEGFP and pDsRed in a tadpole optic tectal neuron using single-cell electroporation results in coexpression of GFP (green, [A]) and DsRed (red, [B]; yellow ϭ overlay of both, [C]). (D and E) Single-cell electroporation of tetramethylrhodamine dextran into a neuron (D) and a glia radial cell (E) in the tadpole brain in vivo.
1996). For this reason, we have tested the efficiency of penetration by the relatively large micropipettes (0.6-1 m tip diameter). Furthermore, direct visualization of pulses generated by capacitance discharge, which have a high initial peak voltage followed by an exponential fluorescent dextrans during electroporation demonstrates movement from the micropipette into single decay. Indeed, exponential decay pulses yielded high transfection rates. The highest transfection efficiency, cells. Successful single-cell labeling occurs when the micropipette is close to but not inside the cell memhowever, was elicited by high-frequency trains of shortduration square pulses. This higher efficiency was most brane. Electrical stimulation results in instantaneous filling of the cell body with dye, which is too rapid and likely due to the more effective electroporation by the train of stimuli rather than the use of square pulses per restricted to be explained by uptake of extracellularly deposited dye and endocytosis. In contrast to electrose. We could not stimulate with a train of exponential decay pulses because the slow time course of the disporation, we have observed that extracellular pressure injection of fluorescent dextrans at up to ten times the charge was incompatible with the frequency of the pulses in the train. concentration used for electroporation results in diffuse labeling. We also demonstrate the high efficiency of coelectroporating individual neurons with two plasmids. In the The single-cell electroporation technique should be applicable to a wide assortment of neurobiology prepamajority of neurons, we detected expression of both GFP and DsRed upon coelectroporation of the two plasrations. Virtually any cell accessible by a glass micropipette is amenable to this method. This technique is mids. These experiments indicate that electroporation of a reporter plasmid can be used to identify cells cotransrelatively inexpensive to set up and easy to perform. Equipment required is common to many neuroscience fected with a second plasmid expressing a gene of interest. This represents a significant improvement over the laboratories, including a micropipette puller, a microscope, a micromanipulator, 
